The dm-type semi-dwarf mutant DMF-1 is controlled by the semi-dominant gene, Short second internode 1 (Ssi1), located in the region within ca. 20 cM on the long arm of chromosome 1. In order to elucidate the function this gene in relation to the lodging resistance and panicle characters in various genetic backgrounds, these agronomic characters were investigated by using DMF-1, Reimei (sd1 allele), six different F 10 lines (DML-1 to -6) with homozygous form of Ssi1, and their parents. The experimental results showed that all the dm-type lines except for DML-6 (DMF-1 × Tan-Ginbozu) whose genotype belonged to the homozygous form of both Ssi1 and d35, significantly increased the lodging resistance, compared to their respective parents. On the other hand, although DMF-1 reduced seed production because of the high ratio of appearance of hull-cracked kernels, such a negative character had been improved in DML-1 (Kinmaze × DMF-1), DML-2 (Nipponbare × DMF-1) and DML-4 (Sasanishiki × DMF-1). Principal component analysis based on fifteen panicle characters also showed that these three F 10 lines should be assigned to a group of normal cultivars. These results suggested that it is possible to develop a new semi-dwarf variety for practical use, expressing a high level of lodging resistance associated with the Ssi1 gene in various genetic backgrounds.
Introduction
Rice culm consists of four to six elongating internodes, and it is generally recognized that the elongation pattern is controlled genetically and that culm length (plant height) is an important agronomic character in rice. Up to now, dwarfism negatively regulating culm elongation had been exclusively investigated using many dwarf mutants. However, most dwarf genes cause some pleiotropic effects not only on the culm but also on the panicle characters, suggesting the existence of an interaction between culm elongation and panicle development. Several studies have been carried out in relation to these characters (Matsuo 1952 , Seko 1962 , Watanabe 1985 , Sunohara et al. 2003 . Culm consists of several elongating internodes, and both the number and length of elongating internodes were found to be controlled genetically by several dwarf genes . Based on the elongation pattern of internodes, rice dwarf mutants have been classified into five different types, dn-, dm-, d6-, nl-and sh-types .
In a mutant like the sd1 mutant that is widely used to improve the rice plant type and lodging, no adverse effect on panicle characters is observed in terms of yield. Culm length of common cultivars controlled by the sd1 allele is 10 to 15% shorter than that of the wild type, while the internode elongation pattern hardly changes. On the other hand, some mutants expressing a unique internode elongation pattern often display an abnormal shape or severe dwarfism, and have not been found to be useful practically, except in for fundamental studies on the mechanism of internode elongation.
Among them, the dm-type internode elongation pattern is defined by the specific reduction or lack of elongation of the second internode from the top . Although this phenotype has been confirmed independently in several mutants harboring the d1, d2, d11, d61, brd1 and brd2 genes (Takahashi and Takeda 1970 , Takeda 1974 , Ashikari et al. 1999 , Fujisawa et al. 1999 , Wu et al. 1999a , Yamamuro et al. 2000 , Hong et al. 2002 , Hong et al. 2003 , Hong et al. 2005 , Tanabe et al. 2005 , the use of these mutant genes in rice breeding has not been reported, presumably for the Communicated by M. Yano Received October 3, 2005 . Accepted April 17, 2006 following reasons. First, the mutants express a pleiotropic aberrant phenotype not only in the culm but also in the leaf, root, and/or panicle. Therefore, elimination of undesirable characters is difficult. Second, the reducing effect on the second internode elongation is unstable in the mutants. Thus, a more stable effect on lodging resistance associated with the function of these genes can not be expected.
A semi-dwarf mutant, DMF-1, induced by X-ray irradiation of the plant body of the cv. Fujiminori at the reproductive stage, expresses the dm-type controlled by a semidominant gene (Yamaguchi 1976) . This mutant gene which was designated as Ssi1 (Short second internode 1) (Wu et al. 1997) , exerts few pleiotropic effects on the plant growth and development of DMF-1, except for the reduction of the second internode and an undesirable character in the panicle. Although the plant type of this mutant is virtually the same as that of the wild type, the culm is 15 to 20% shorter than that of the wild type (Fig. 1) . Furthermore, DMF-1 is capable of expressing completely the dm-type under conventional cultivation conditions. Therefore, DMF-1 which is different from the other dm-type mutants, may be useful not only for the analysis of the mechanism of rice internode elongation but also for rice breeding programs. Here, we examined the effect of the Ssi1 gene controlling the dm-type of DMF-1 on several agronomic characters such as lodging resistance.
Materials and Methods

Plant materials and growth conditions
The dm-type lines were produced by self-pollination to the F 10 generation from the F 1 progeny crossed between DMF-1 and six japonica cultivars, Kinmaze, Nipponbare, Wase-Ginbozu, Sasanishiki, Akihikari and Tan-Ginbozu, respectively. We had continuously selected several lines with the homozygous form of Ssi1 by focusing primarily on the appearance of the dm-type culm throughout every generation, since, in the heterozygote or under off-season cultivation, DMF-1 failed to completely express the dm-type culm . We represented the intensity of the reducing effect of Ssi1 on the second internode by RDM (ratio of appearance of the dm-type culm). RDM is expressed by the percentage of dm-type culms to the total number of culms per plant. In the present report, RDM was synonymous with EDM (expressivity of dm-type) used in the previous report . These F 10 lines were designated as DML-1 to DML-6, respectively (Table 1 ). DML-6 was selected as a double mutation line of Ssi1 and d35 derived from TanGinbozu (Itoh et al. 2004) . In the present study, we examined the effect of Ssi1 on the lodging resistance and several morphological characters of the panicle in various genetic backgrounds using DMF-1, Fujiminori, six DMLs and their corresponding parental cultivars. In addition to these fourteen lines, a semi-dwarf cultivar, Reimei, was used for the comparative analysis of lodging resistance with DMF-1. Both Reimei and DMF-1 were induced from the identical parental cv. Fujiminori, and in Reimei also a semi-dwarf phenotype by sd1 was expressed (Futsuhara et al. 1967 .
At the end of April, the seeds of these fifteen lines were sown in a greenhouse with the nursery box filled with potting compost for the rice seedlings. The seedlings were transplanted at the end of May to the paddy field located at the Togo Field Center for Research and Education of Nagoya University. Then they were grown under conventional cultivation conditions.
Analysis of characters
To examine the lodging resistance, we used the cLrmethod (Grafius and Brown 1954, Watanabe 1985) . The cLrprocedure is as follows: suspension of a thin chain from the base node of the rachis of the panicle, determination of the number of chains from the front edge to the ground and calculation of the weight of the corresponding number of chains per cm of culm length. We measured the cLr-value using the main culm in mature plants within thirty to forty days after heading. We also determined the elastic resistance of culm internodes by measuring the central region (4 cm) of the first and third internodes using a handmade apparatus (Fig. 2) . On the other hand, to verify the pleiotropic effects of Ssi1 on the panicle characters, we analyzed fifteen panicle characters (Table 2) . Emphasis was placed on one of the fifteen characters, the hull-cracked kernel, which was associated with abnormal development of the glume or palea (Nihei and Hashimoto 1992) , because DMF-1 displayed this abnormal kernel at a high frequency.
To evaluate comprehensively the effects on the panicle characters of the dm-type lines, principal component analysis was carried out based on the values of fifteen panicle characters ( Table 2 ). The ratio of hull-cracked kernels and the ratio of sterile seeds per panicle were transformed into arcsin values. Tukey-Kramer's HSD test was performed in the statistical analysis for culm length, cLr-value and six panicle characters.
Linkage analysis of Ssi1 gene
The Ssi1 locus had been previously mapped on chromosome 1 with four phenotypic markers for the d18, rl4 (rolled leaf 4), shr 1(shrunken endosperm 1) and d61 genes (Wu et al. 1997 , Wu et al. 1999b . We selected four further molecular markers on chromosome 1 exhibited by RGP, Rice Genome Project (http://rgp.dna. affrc.go.jp/), namely S13623, S05756, RM3475 and RM237, and attempted to confirm the chromosome location of the Ssi1 gene. For approximate positioning of the Ssi1 mutation, we used 96 F 2 progenies crossed between DMF-1 and Kasalath that were grown at the Togo Field Center for Research and Education of Nagoya University. At the maturity stage, we determined the RDM of each F 2 plant. The F 2 population segregated into three different phenotypes; complete expression of the dm-type (RDM, 100%), incomplete expression of the dm-type (RDM, less than 100%), and wild type (RDM, 0%). Wu et al. (2000) earlier reported that the reducing effect of the plants with the heterozygous form of Ssi1 on the second internode elongation was so unstable that the RDM values of the heterozygous plants widely ranged from 100 to less than 100%, suggesting that the value of RDM may not exclusively enable to detect the genotype at the Ssi1 locus. Therefore, for the mapping of Ssi1, we used 27 wild type (RDM, 0%) F 2 plants which were confirmed to harbor the homozygous recessive form of ssi1, based on their F 3 progenies.
Results
Mapping of Ssi1 locus
DMF-1 derived from Fujiminori shows a dm-type internode elongation pattern and semi-dwarfism with a fairly normal plant type due to the effect of Ssi1 on the second internode elongation (Yamaguchi 1976 , Wu et al. 1997 . This character of DMF-1 is controlled by the semi-dominant gene Ssi1 linked to four phenotypic markers on chromosome 1 (Wu et al. 1997 , Wu et al. 1999 . In the present study, to identify the Ssi1 locus more precisely, we performed a linkage analysis using molecular markers on chromosome 1. As the results showed that Ssi1 was linked to the molecular markers, S13623 (87.2 cM), S05756 (95.7 cM) and RM3475 (107.0 cM), this gene was estimated to be located within ca. 20 cM between S13623 and RM3475 on chromosome 1 (Fig. 3) .
Increased lodging resistance associated with Ssi1 gene Table 3 shows the mean values of RDM, culm length and the cLr-value. The RDM values of DMF-1 and all the DMLs 100%. The culm of DMF-1 was significantly shorter than that of Fujiminori and even that of semi-dwarf Reimei. Five DMLs, except for DML-2, were also significantly shorter than each parent. The culm of DML-2 was longer than that of DMF-1, and the length was comparable to that of the parental cv. Nipponbare. DMF-1 showed a significantly higher cLr-value (0.180 g/cm) than that of Fujiminori and Reimei. The cLr-values of Kinmaze, Nipponbare, WaseGinbozu, Sasanishiki and Akihikari ranged from 0.109 to 0.157 g/cm, while Tan-Ginbozu (d35) gave the highest value (0.173 g/cm). On the other hand, the cLr-values of all the DMLs were nearly equal to that of DMF-1. The cLr-values of five DMLs, except for DML-6, were significantly higher than that of each normal parent. Although DML-6 showed a high cLr-value (0.181 g/cm), like DMF-1, the value was comparable to that of the parental cultivar, Tan-Ginbozu.
We further measured the level of the elastic resistance of elongating internodes. As DMF-1 and DMLs lacked the second internode, the first and third internodes were used for the comparison. The elastic resistance of both internodes of the DMLs was higher than that of each parental cultivar (data not shown).
Correlation analysis between the four measured values using the fifteen lines and cultivars revealed a significant correlation between the values of the elastic resistance of the first and third internodes, and between the cLr-value and culm length. No correlation was found between the elastic resistance of both internodes and the cLr-value (Table 4) . 2) cLr. = Chain weight/culm length. 3) Means followed by the same letter are not significantly different according to Tukey-Kramer's HSD test (α = .05). 4) The characters of DMF-1 were compared to those of the parental cv. Fujiminori and semi-dwarf cv. Reimei. 5) The characters of each DML was compared to those of each parental cultivar and DMF-1. Table 5 shows the mean values of six panicle characters. The length of the panicle, the number of grains per panicle and the number of panicles per plant of DMF-1 were equivalent to those of Fujiminori and Reimei. However, the panicles of DMF-1 bore small kernels with a significantly higher ratio of hull-cracked kernels compared to both Fujiminori and Reimei (Table 5 and Fig. 4A, B) .
Panicle characters of DMLs
Although the characters of the three DMLs, DML-3, -5 and -6, showed a similar tendency to that of DMF-1, in the other DMLs, DML-1, -2 and -4, the kernel size and the ratio of hull-cracked kernels were normalized (Fig. 4C-H) .
To evaluate comprehensively the effects on the panicle characters of DMLs, principal component analysis was carried out based on the fifteen panicle characters shown in Table 2 . The results indicated that the cumulative contribution from the first to third principal components was 78.2% of the total variance. The first principal component, accounting for 46.1% of the total variance, mainly reflected the kernel size. The second principal component, accounting for 20.2%, mainly reflected the kernel shape. What the third principal component, accounting for 11.9%, reflected could not be inferred. Fig. 5 shows a scatter diagram of the fifteen lines used in the present study. The scatter diagram along the first and second principal components revealed that DMF-1 and three DMLs (DML-3, -5 and -6) were distributed lower in the region of the first principal component than their parental cultivars including Reimei, indicating that in these dm-type lines, the kernel size was smaller (Fig. 4B, E, G, H) . However, the kernel size of the other three DMLs (DML-1, -2 and -4) was distributed in the vicinity of the parental cultivars. These results suggested that the reduction of the kernel size by the Ssi1 gene had been suppressed in various genetic backgrounds.
Discussion
The semi-dwarf phenotype of DMF-1 is controlled by a single semi-dominant gene Ssi1 which expresses the dmtype internode elongation pattern. Wu et al. (1997) previously reported that in DMF-1, RDM was 100% under conventional rice cultivation conditions. The semi-dominance of Ssi1 confirmed that the effect of Ssi1 on the second internode elongation was unstable in the heterozygous form . Also in the current experiment, in DMF-1 and all the DMLs with the homozygous form of Ssi1, the RDM value was 100%, indicating that due to the homozygous form of Ssi1, the dm-type culm could be expressed completely even in various genetic backgrounds.
We used the cLr-method to analyze the lodging 2) The characters of DMF-1 were compared to those of the parental cv. Fujiminori and semi-dwarf cv. Reimei.
3) The characters of each DML were compared to those of each parental cultivar and DMF-1.
resistance, and we also examined the elastic resistance of elongated culm internodes. However, the results of the correlation analysis with the culm length, cLr-value and the value of elastic resistance indicated that the third factor did not contribute to the lodging resistance of the fifteen lines and cultivars used in the current experiment. Accordingly, the reduction of the culm length was mainly involved in the enhancement of the lodging resistance. DMF-1 showed a significantly higher cLr-value than Fujiminori and even a higher value than semi-dwarf Reimei (sd1 allele), suggesting that the Ssi1 gene could be more useful for enhancing the lodging resistance than just sd1. On the other hand, the cLrvalues of all the DMLs, except for DML-6, were also higher than those of their respective parental cultivars. However, the cLr-value of DML-6, which belongs to the homozygous form of both Ssi1 and d35, was comparable to that of the parental cv. Tan-Ginbozu (Table 3) . Tan-Ginbozu showed a shorter culm and was comparable in the cLr-value to some other DMLs. The results suggest that the cLr-value of DML-6 had already been saturated to some extent through the dwarfism by d35. In contrast to DML-6, although the culm length of DML-2 was comparable to that of the parental cv. Nipponbare, DML-2 showed a higher cLr-value than Nipponbare (Table 3) . Thus, several effects of the genetic background of DML-2 might contribute to the lodging resistance in addition to the effect of Ssi1. Itoh et al. (2004) reported that Tan-Ginbozu displayed a unique internode elongation pattern, namely relatively short upper internodes and long lower internodes, resulting in a lower lodging resistance by raising the center of gravity in the plant body. In contrast, the dm-type culm expressed by Ssi1 led to the increase of the resistance by displacing downward the centrobaric position due to the remarkable reduction of the second internode elongation. Hence, such an alteration of the internode elongation pattern may be related to the resistance of all the DMLs. Yamaguchi (1976) reported that the shoot growth of DMF-1 was fairly normal (Fig. 1) , but that in this mutant, an unfavorable kernel character, hull-cracked kernel, was frequently expressed. This undesirable kernel character for practical use is somewhat observed in wild type cultivars, and the ratio of its appearance is affected by the growth environment (Nihei and Hashimoto 1992) . However, as DMF-1 usually produces undesirable kernels at a high frequency of around 30% (Table 5) , the pleiotropic effect of Ssi1 or of a gene closey related to the Ssi1 gene controlling this kernel character has been incriminated (Yamaguchi 1976) . The high frequency of hull-cracked kernels leads to a deterioration of grain quality. In addition to such an adverse effect, the presence of small-sized kernels in DMF-1 was confirmed in the current experiment (Fig. 4) . The kernel size of DMF-1 was significantly smaller than that of Fujiminori and Reimei. The reduction of the kernel size leads to a decrease in the yielding ability. It remains to be determined whether the reduction of the kernel size was caused directly or indirectly by the Ssi1 gene. Therefore, if it is impossible to separate those undesirable traits in the panicle from the dwarfing effect of Ssi1, the practical use of the Ssi1 gene for rice breeding becomes problematic. To determine the ability of controlling these undesirable traits, we examined the panicle characters of six DMLs and their parental cultivars. Focusing on DML-1, -2 and -4, the ratio of hull-cracked kernels per panicle of the three DMLs was significantly lower than that of DMF-1. Furthermore, the kernel size of the three DMLs was restored to that of each parental cultivar (Fig. 4C,  D, F) . These results reveal that it is possible to remove the undesirable linkage between the adverse effects on the panicle and the dwarfing effect by introducing the Ssi1 gene into various genetic backgrounds. However, the genetic mechanism underlying these morphological characters remains to be elucidated, especially how the Ssi1 locus controls these phenotypic characters, or which among the genetic factors are involved in the function of the Ssi1 gene. Thus, further investigations should be carried out to address these issues. We concluded that the Ssi1 gene of DMF-1 could be useful for practical improvement of the plant height and lodging resistance.
